A new tube cross-flow bundle heat exchanger has been designed and tested for thermophoretic deposition of submicron aerosol particles. The present design has five columns of hot and cold square tubes, respectively, arranged in a staggered manner to maintain a nearly constant temperature gradient in the direction of the aerosol flow. Each column has four tubes of 4 mm × 4 mm in cross section and the gap between the tube surfaces is 0.5 mm. The precipitator was tested experimentally using monodisperse NaCl test particles ranging from 38 to 397 nm in diameter at the aerosol flow rate of 0.6 and 1.2 L/min, respectively, at different temperature gradients. Results showed that the thermophoretic deposition efficiency increased with decreasing aerosol flow rate and increasing temperature gradient with the maximum thermophoretic deposition efficiency occurred at the aerosol flow rate of 0.6 L/min. The effect of inlet temperature of the aerosol flow on the efficiency was also tested and showed increasing inlet temperature increased the deposition efficiency. Numerical simulation was further conducted to validate the experimental data and good agreement was obtained. An empirical equation was also validated to facilitate the design and scale-up of the precipitator.
INTRODUCTION
Thermophoresis is a physical phenomenon in which aerosol particles move toward the direction of decreasing temperature when subjected to a thermal gradient. Thermophoretic precipitator can be used for aerosol sampling (Maynard 1995; Bang et al. 2003; Lorenzo et al. 2007; Wen et al. 2007 ) as well as submicron particle control (Shi and Harrison 2001; Messerer et al. 2003) . Extensive literature has been published for thermophoretic precipitation in pipe flow (Batchelor and Shen 1985; Montassier et al. 1990 Montassier et al. , 1991 Stratmann et al. 1994; Chang et al. 1995; He and Ahmadi 1998; Romay et al. 1998; Lin and Tsai 2003; Lin et al. 2004; Tsai et al. 2004 ; Lee et al. 2006; Lin et al. 2008) , Address correspondence to Chuen-Jinn Tsai, Institute of Environmental Engineering, National Chiao Tung University, No. 1001, University Road, Hsin Chu, 300 Taiwan. E-mail: cjtsai@mail.nctu.edu.tw in flow between parallel plates (Maynard 1995; Tsai and Lu 1995; Gonzalez et al. 2005) , and in tube bundle heat exchanger (Messerer et al. 2004; Messerer et al. 2007 ). The computational fluid dynamics (CFD) codes was further used to investigate aerosol dynamics (Stratmann and Whitby 1989; Pyykönen and Jokiniemi 2000) , thermophoretic deposition in tube flow (Housiadas et al. 2001; Housiadas and Drossinos 2003; Housiadas and Drossinos 2005; Munoz-Bueno et al. 2005 ) and in thermophoretic precipitator (Gonzalez et al. 2005) .
Heat exchangers made from tube bundles are widely used and found in numerous industrial applications. Messerer et al. (2004) first proposed a miniature pipe bundle heat exchanger for thermophoretic deposition of ultrafine aerosol particles at high flow rate. Miniature tubes with an inner diameter of 0.99 mm and an outer diameter of 1.59 mm were used mainly to maintain small gaps between the surfaces of the tubes so that effective thermophoretic deposition could be achieved. The same heat exchanger system was further operated in the exhaust gas lines of two wood-fired heating appliances and particle deposition efficiency up to 95% was achieved (Messerer et al. 2007 ). However, thermal gradient decreases exponentially with the increasing downstream distance along the flow direction and limits the effective thermophoretic deposition region near the entry of the tubes , and only the first few centimeters of the heat exchanger was found to be effective for thermophoretic deposition (Messerer et al. 2004) .
In order to eliminate this limitation, a cross-flow type tube bundle heat exchanger was designed in this study. The exchanger has 5 columns of cold square tubes (cross section: 4 × 4 mm) arranged in a staggered manner with another 5 columns of hot square tubes of the same cross section to keep the temperature gradient constant in the flow direction of the precipitator. The flow channels in the square tubes are cylindrical having a diameter of 2 mm. The square tubes are used for easy adjustment of a small and constant gap between the hot and cold surfaces without the need to use the miniature circular tube design as in Messerer et al. (2004) . In this study, a 2-D numerical simulation was further conducted to obtain simulated particle deposition efficiency for the comparison with the experimental results. An empirical equation of the plate-to-plate thermophoretic precipitator for the thermophoretic deposition efficiency derived by Tsai and Lu (1995) was also validated to facilitate the design and scale-up of the precipitator.
New Tube Bundle Heat Exchanger AS Thermophoretic Precipitator
Figures 1a and b show the cross-sectional and exploded views of the new tube bundle heat exchanger used as the thermophoretic precipitator, respectively. The precipitator has a rectangular frame (64.5 × 20 × 20 mm) which contains a hot-side heat exchanger, and a cold-side heat exchanger, each has five tube columns. Each column of four hot tubes is staggered with the other column of four cold tubes. Asbestos spacers are placed between the heat exchangers and the housing to reduce conductive heat transfer. The gap between the tube surfaces is 0.5 mm. The aerosol flow first passes through the first column of the four hot tubes followed by the first column of the four cold tubes. Then the aerosol flow passes through the other columns of the hot and cold tubes alternately again in the direction of the aerosol flow. Thermophoretic precipitation occurs in the vertical gaps where the temperature gradient exists between the hot and cold tubes.
Figures 1c and d show the first column (section A-A) of four hot tubes, in which hot silicon oil flows, and the first column (section B-B) of four cold tubes in which cold water flows, respectively. The hot tubes are heated by circulating silicon oil at different temperatures of 423, 443, and 473 K, respectively, while the cold tubes are cooled by circulating water at room temperature. Forced convection by hot silicon oil and cold water is necessary for establishing a temperature difference between the cold and hot tubes to increase the thermophoretic particle deposition efficiency (Tsai and Lu 1995) .
METHODS

Experimental Method
The experimental setup is shown in Figure 2 . Monodisperse NaCl particles ranging from 38 to 397 nm in diameter were generated by the atomization and electrostatic classification technique. The polydisperse aerosol was first generated by atomizing 0.1% w/v aqueous solution of NaCl using a constant output atomizer (TSI model 3076) and passed through a silica gel diffusion dryer. Then it was mixed with clean dry air in a mixing tank. After being mixed, the aerosol was neutralized by a TSI 3077 electrostatic charge neutralizer before being introduced into a TSI 3081 Long DMA (differential mobility analyzer) where a high voltage was applied to select monodisperse test particles. The monodisperse aerosol from the DMA was neutralized again before being introduced into the precipitator. For the experiment involving higher temperature of the inlet air flow than the room temperature, the aerosol stream was passed through a stainless steel tube wrapped in a heating tape and was heated to a desired temperature. The flow rate of the sheath air and polydisperse aerosol stream of the DMA was kept constant at 5 and 0.5 L/min, respectively, throughout the experiment.
Two J-type thermocouples installed at the inlet and outlet of the precipitator were used to monitor the temperature of the aerosol stream. The other four thermocouples were attached on the first two columns (the location of thermocouple: point a and b) and the last two columns (the location of thermocouple: point c and d) to measure the surface temperatures, as shown in Figure 1a . The average temperature difference was calculated as the temperature difference between the hot and cold tubes. The flow rate of the aerosol flow was set by a mass flow controller (calibrated at standard conditions of 298 K, 1 atm, MKS Instruments, Inc. model 1179A) located downstream of the precipitator. The aerosol number concentrations at the inlet and outlet of the precipitator were measured using a TSI 3022 condensation particle counter (CPC) with a sampling flow rate of 0.3 L/min.
Particle deposition in the new thermophoretic precipitator was tested at two aerosol flow rates of 0.6 and 1.2 L/min, respectively, and at three temperature differences by adjusting the temperature of the hot silicon oil bath to be 423, 443, and 473 K while maintaining the cold water temperature at 300 K. Measured temperature data in the precipitator are listed in Table 1 . For example, when the hot silicon oil bath was kept at 423, 443, and 473 K, respectively, at the aerosol flow rate of 0.6 L/min, the corresponding surface temperature of the first column of the four hot tubes at the point "a" was measured to be 346.5, 360.0, and 391.1 K, respectively. Or the temperature difference between the hot and cold tube surfaces was 45.5, 58.9, and 88.6 K, respectively. At both flow rates, the surface temperature of the last column of the hot tubes is higher than that of the first column of the hot tubes. The temperature difference between the hot and cold tubes remains high in the direction of the flow. Therefore, it is to be expected that the thermophoretic deposition will be effective throughout the whole thermophoretic precipitator.
The particle deposition efficiency was determined from the particle concentrations measured at the inlet and outlet of the thermophoretic precipitator. The deposition efficiency, η, can be calculated as
where N i and N o are the particle concentrations at the inlet and outlet of the new tube bundle thermophoretic precipitator, respectively. The total particle deposition efficiency, η tot , includes the isothermal contribution, η iso , caused by particle deposition due to diffusion and interception under isothermal flow conditions, and the thermophoretic contribution, η th . In the experiment, the isothermal contribution was first determined under isothermal conditions when the thermal gradient between the hot and cold tubes was zero. The experimental isothermal deposition efficiency without any thermal gradient is shown in Figure 3 at the aerosol flow rate of 0.6 L/min, which indicates that the isothermal contribution caused by diffusional deposition cannot be neglected because of the numerous flow bendings throughout the whole thermophoretic precipitator and the small gaps. The experimental thermophoretic deposition efficiency, η th , was calculated as (Tsai and Lu 1995; Messerer et al. 2003 Messerer et al. , 2004 :
In the present study, data points with error bars in the figures represent the arithmetic mean ± one standard deviation of 3 repeated measurements, while each measurement consisted of 10 readings.
Numerical Method
In order to further understand the temperature field and deposition efficiency of the present precipitator, a 2-D numerical simulation was conducted in this study. The governing equations are Navier-Stokes, continuity and energy equations. Steadystate laminar incompressible flow was assumed. The NavierStokes, continuity, and energy equations were solved by using the STAR-CD 3.22 code (CD-adapco Japan Co., LTD) which is based on the finite volume discretization method. The pressurevelocity linkage was solved by the SIMPLE (semi-implicit method for pressure linked equation) algorithm (Patankar 1980 The UD (upwind differencing) and CD (central differencing) schemes were used for the space discretization method of the flow velocity and density, respectively. Hexahedral cells, which allowed for finer grid spacing near the wall, were generated by an automatic mesh generation tool, TrueGrid (version 2.1.0, XYZ Scientific Applications, Inc.). The total number of grids used is 300,000 in the calculation domain. The average grid size is around 30 µm with the smallest size of 0.9 µm assigned near the surfaces of the tubes. It was found that increasing the number of grids to 600,000 only resulted in a less than 1% difference in the thermophoretic deposition efficiency. Therefore, a fixed grid number of 300,000 was used for the calculation in this study. The convergence criterion of the flow field was set at 10 −8 for the summation of the residuals. Figure 4 shows the calculation domain of the numerical simulation. Bold lines represent the effective deposition length on the vertical surfaces of the cold tubes where particles deposit due to thermophoresis. In the simulation, the inlet region of the calculation domain, which was extended 10 mm from the entry of the thermophoretic precipitator, was set as the inlet boundary assuming a uniform velocity profile. To avoid the backward recirculation flow, the outlet region of the calculation domain was further extended 40 mm and 100 mm from the exit of the thermophoretic precipitator at the flow rate of 0.6 and 1.2 L/min, respectively. The surface temperature of the tubes was assigned based on the average temperature measured in this study. The upper symmetrical line was assumed to be the centerlines of the cold tubes while the bottom symmetrical line was assumed to be the centerline of the hot tubes in the longitudinal direction. The flow field was computed without using any periodical boundary conditions or repeated sections similar to Wang et al. (2000) and El-Shaboury et al. (2005) .
After the flow field was obtained, the particle concentration field was calculated numerically by solving the following particle convection-diffusion equation:
where V th is the particle thermophoretic velocity defined as:
The thermophoretic coefficient, K th , is defined as (Talbot et al. 1980) :
[5] For accommodation, the reasonable values of C m , C s , and C t are 1.14, 1.17, and 1.28, respectively (Talbot et al. 1980; Montassier et al. 1991) .
In Equation (3), the boundary condition at the wall was assumed to be perfect absorption. Brownian diffusion was included and the current simulated isothermal deposition efficiency without any thermal gradient was found to be less 3% for particles from 38-100 nm in diameter. The numerical results of the thermophoretic deposition efficiency were calculated based on Equation (2) for comparison with the experimental data.
Theoretical Formulation of the Thermophoretic Deposition Efficiency
Under laminar flow condition, the thermophoretic deposition efficiency in a plate-to-plate thermophoretic precipitator can be calculated as (Tsai and Lu 1995; Messerer et al. 2003 Messerer et al. , 2004 : where H and T are the gap and temperature difference between the plates, respectively. L is the length of thermophoretic deposition area. T , µ g,0 , ρ g,0 , and v x,0 are mean air temperature, dynamic viscosity, air density, and axial air flow velocity, respectively. Equation (6) is based on the assumption of a linear temperature profile and constant heat flux across the rectangular flow channel. In this study, H is 0.5 mm, and L is the total effective deposition length on the vertical gaps between the hot and cold tubes. Mean air temperature, T , was calculated as the mean of the simulated air temperatures before the second column of the hot tubes and after the second last column of the cold tubes. This mean air temperature is more representative than that calculated from the inlet and outlet temperatures as the air flow is heated and cooled periodically in between the hot and cold tubes. Equation (6) will be validated by the experimental data to facilitate the design of the precipitator.
RESULTS AND DISCUSSIONS
Validation of the Simulation Method
The present simulation was validated by reproducing solutions for the benchmark problem in which the geometric configuration is similar to the design of the cross-flow tube bundle thermophoretic precipitator of this study. For the flow across a bundle of staggered tubes (O.D. = 16.4 mm, longitudinal pitch = 34.3 mm, transverse pitch = 31.3 mm) where seven rows of tubes are aligned in the air flow direction and each row has eight tubes, the calculated Nusselt number of the present simulation is 87.58, which is very close to 87.9 from the theoretical study of Incropera and DeWitt (2002) and 88.3 from the analytical solution of Khan et al. (2006) . Details of parameters used to solve the problem of staggered tube bundle are described in Incropera and DeWitt (2002) .
The simulated thermophoretic deposition efficiency in laminar tube flow of the present study was further compared with previous studies at the flow rate of 5 L/min for a long tube (I.D. = 0.0049 mm, length = 0.905 m). The simulated thermophoretic deposition efficiency in laminar tube flow shown in Figure 5 illustrates that the present numerical results are in good agreement with the predictions of Batchelor and Shen (1985) , Stratmann et al. (1994) , and Lin and Tsai (2003) with the deviation smaller than 2%. It can be seen that the thermophoretic deposition efficiency increases with an increasing inlet air flow temperature and decreasing particle size. Hence, these comparisons demonstrate that the present numerical simulation is accurate.
Thermophoretic Deposition Efficiency of the Present Thermophoretic precipitator
For the traditional thermophoretic precipitator, most of heat transfer occurs near the entry where the temperature gradient is high but decreases very quickly with the increasing distance from the entry of the precipitator. Figures 6a-d show the temperature field of the new thermophoretic precipitator when the hot silicon oil temperature is 423 K and 473 K at the flow rate of 0.6 L/min, respectively. Similar periodic temperature profiles are observed (figures not shown) for the other hot silicon oil temperatures of 443 K. That is, uniform temperature gradient and particle deposition on the vertical surfaces of the cold tubes are achieved along the precipitator and the overall thermophoretic deposition efficiency is expected to be high. Figure 7 shows the particle concentration field of the new thermophoretic precipitator near the first two to five columns of tube bundles when the hot silicon oil temperature is 473 K at the flow rate of 0.6 L/min. Mass fraction of the initial particle concentration in the inlet air flow is 10 −4 and particle diameter is 38 nm. The particle concentration contours shown in Figure  7 indicate particle concentration is gradually decreased as the aerosol flow passes through the bundles and the precipitator remains effective in the whole axial direction. This is in contrast to the sharp decrease of particle concentration in the entry of the traditional heat exchanger. Figure 8 shows an example of the particle number distributions before and after the thermophoretic precipitator when the temperature difference between the hot and cold tubes is 45.5 K at the inlet aerosol flow rate of 0.6 L/min. The number concentration was seen to reduce very much after the precipitator.
The simulated average velocity and pressure drop of the air flow across the thermophoretic precipitator are listed Table 1 . The average flow velocity is found to be 0.5 and 1.1 m/s at the flow rate of 0.6 and 1.2 L/min, respectively. The pressure drop increases with the increasing aerosol flow rate but remains small at three temperature differences.
The experimental, simulated and theoretical thermophoretic deposition efficiencies at three temperature differences are Particle concentration field of the new thermophoretic precipitator near the first two to five columns of tube bundles when the hot silicon oil temperature is 473 K at the flow rate of 0.6 L/min. Mass fraction of the initial particle concentration in the inlet air flow is 10 −4 and particle diameter is 38 nm.
plotted versus particle diameter in Figure 9 , when the inlet air flow temperature is 298 K at the flow rate of 0.6 L/min. As shown in the figure, the experimental thermophoretic deposition efficiency is 59.3-63.4, 69.6-79.2, and 82.6-92.3% when the temperature difference is 45.5, 58.9, and 88.6 K, respectively. The thermophoretic deposition efficiency is increased with increasing temperature differences between the hot and cold tubes at a given air flow rate. The current thermophoretic precipitator has good particle deposition efficiencies up to 92%. The simulated thermophoretic deposition efficiency, which is 66. 8-68.4, 79.8-81.4, and 89.8-92 .3% when the temperature difference is 45.5, 58.9, and 88.6 K, respectively, is nearly independent of particle size at three temperature differences. The maximum deviation of the present simulation from the experimental data is 10.2%. The theoretical thermophoretic deposition efficiency is found to be 57. 4-66.8, 75.2-87.4 , and 100% when the temperature difference is 45.5, 58.9, and 88.6 K, respectively. The theoretical thermophoretic deposition efficiencies are within a reasonable range of the experimental data but a discrepancy exists. The discrepancy between the experimental themophoretic efficiencies and numerical or theoretical values may result from the thermal boundary conditions used in the theory or numerical simulation where the average temperatures or temperature difference were obtained from the measured tube surface temperatures at the first two and the last two columns of the tube bundles. This was found to achieve the better agreement with the experimental thermophoretic deposition efficiency data while using the geometric mean temperature or temperature difference in the theory or numerical simulation was found to lead to larger deviation.
The thermophoretic precipitator was tested at two aerosol flow rates of 0.6 and 1.2 L/min, respectively. Figure 10 shows the comparison of the experimental, simulated and theoretical thermophoretic deposition efficiencies when the hot silicon oil temperature is 423 K at the flow rate of 0.6 and 1.2 L/min, respectively. The experimental thermophoretic deposition efficiency is reduced from 59.3-63.4% to 42-48% when the flow rate is increased from 0.6 to 1.2 L/min. The deviation of the present simulation and theoretical prediction from the experimental data are found to be 2.6-9.3% and 8.3-16.2%, respectively, at the flow rate of 1.2 L/min. The thermophoretic deposition efficiencies are seen to reduce with the increasing aerosol flow rate from 0.6 to 1.2 L/min. Figure 11 shows the effect of inlet temperature of the aerosol flow on the thermophoretic deposition efficiency. The experimental thermophoretic deposition efficiency increases from 59.3-63.4% to 64.9-76% when the inlet air flow temperature is increased from 298 to 333 K at the flow rate of 0.6 L/min. The deviation of the present simulation and theoretical prediction from the experimental data are found to be 3.4-13.7% and 3.8-12%, respectively, when the inlet air flow temperature is 333 K at the flow rate of 0.6 L/min. Results show that increasing inlet air flow temperature will increase the deposition efficiency.
In Figures 9 to 11 , thermophoretic deposition efficiencies are seen to remain nearly constant with respect to particle size. In addition, the thermophoretic deposition efficiency increases as the temperature gradient is increased or particle size is decreased, which all agree with the theoretical expression of the thermophoretic deposition efficiency.
According to Equation ( was first discussed by Messerer et al. (2003) then followed by Messerer et al. (2004) . Figure 12 shows the theoretical thermophoretic deposition efficiency plotted against the dimensionless precipitator number. The lines are linear least-square fit to the data sets (solid) and the theoretical relationship for the plateto-plate thermophoretic precipitator (dashed). The slope of the fit line is close to the constant value of K th = 0.55 derived by Waldmann and Schmitt (1966) in the free molecular regime. Results suggest that the theoretical formula derived from the plate-to-plate thermophoretic precipitator, which is suitable for predicting the thermophoretic deposition efficiency as a function of thermal and flow conditions, can be used to design and scale-up of the present thermophoretic precipitator.
CONCLUSION
A new cross-flow tube bundle heat exchanger has been designed and tested for thermophoretic deposition of submicron aerosol particles. The present design has five columns of hot and cold square tubes, respectively, arranged in a staggered manner to maintain a nearly constant temperature gradient in the direction of the aerosol flow. The thermophoretic precipitator is capable of removing submicron particles efficiently to overcome the shortcomings of drastic reduction of temperature gradient and deposition efficiency in the conventional designs. Experimental results show that the present thermophoretic precipitator has good particle deposition efficiency up to 92% for the aerosol flow at room temperature. Numerical simulation was further conducted to validate the experimental data and good agreement was obtained. The empirical equation of the plate-to-plate thermophoretic precipitator derived by Tsai and Lu (1995) was shown to be suitable for predicting the theoretical thermophoretic deposition efficiency to facilitate the design and scale-up of the present precipitator.
The present design can maintain high temperature gradient throughout the entire precipitator and the gap between the cold and hot square tubes can be adjusted easily. The aerosol flow rate can be increased further as the number of hot and cold tubes can be increased easily. It can be used as the control device for the control of the diesel engine and other high temperature exhaust gases, or used as the indoor air cleaner. The present design is best suited when it is also used as a heat exchanger to recover thermal energy while maintaining a high temperature gradient for thermophoretic particle precipitation. However, it is necessary to coat the deposition surfaces with oxidizing catalyst to burn off the collected particles, or use purging air flow to clean the surfaces regularly to prevent particle clogging inside the precipitator.
NOMENCLATURE
C
= slip correction factor (dimensionless) C m = momentum exchange coefficient (dimensionless) C s = thermal slip coefficient (dimensionless) C t = temperature jump coefficient (dimensionless) D = particle diffusivity (m 2 /s) H = plate distance (m) k g = gas thermal conductivity (W/m K) k p = particle thermal conductivity (W/m K) K th = thermophoretic coefficient (dimensionless) L = deposition length (m) N = particle concentration (particles/m 3 ) N i = particle concentration at inlet (particles/m 3 ) N o = particle concentration at outlet (particles/m 3 ) Q = volumetric flow rate (L/min) T = temperature (K) T cold = cold water temperature (K) T hot = hot silicon oil temperature (K) T in = inlet air temperature (K) T out = outlet air temperature (K) T = temperature difference (K) ∇ T = temperature gradient (K/m) u = gas velocity (m/s) V th = thermophoretic velocity (m/s) v x,0 = average axial velocity (m/s) Greek letters η = deposition efficiency η iso = isothermal deposition efficiecny η th = thermophoretic deposition efficiency η tot = total deposition efficiency λ = mean free path of air molecules (m) µ g = gas dynamic viscosity (kg/ms) ν = kinematic viscosity (N s/m 2 ) ρ g = gas density (kg/m 3 )
Additional subscripts 0 = arithmetic mean value
